A series of polycrystalline La 0.5 Ca 0.5 Mn 1Àx Fe x O 3 (x ¼ 0. 010, 0.025, 0.050, 0.075, 0.100, 0.125, 0.150, 0.175 and 0.200) was synthesized using a solid state reaction. We investigated the electrical resistivity, thermopower, and magnetization as a function of temperature. La 0.5 Ca 0.5 MnO 3 exhibits a large thermal hysteresis in its electrical resistivity, thermopower, and magnetization, which can be attributed to the 
Introduction
The colossal magnetoresistance (CMR) behavior and other properties of some oxide materials have drawn extensive scientic and technological interest over the last decade. The most well-known CMR materials are the mixed valence manganites with an ABO 3 type perovskite structure, for example, La 1Àx Ca x MnO 3 . As a function of temperature and doping levels, this system displays various magnetic transitions. In particular, much attention has been focused on the phase boundary between the ferromagnetic (FM) metallic and antiferromagnetic (AFM) insulating ground states existing in a narrow range around x ¼ 0.5. In fact, the x ¼ 0.5 compound rst undergoes a FM transition upon cooling and then follows a rst-order transition to an AFM charge-ordered state at $155 K ($190 K on warming).
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Several researchers [5] [6] [7] [8] [9] [10] [11] have investigated the effects of partially replacing Mn using various cations (M ¼ Fe, Cr, Mg, Ti, and Zn) on the physical properties of manganites. [5] [6] [7] [8] [9] [10] [11] Since the ionic radius of Fe 3+ is similar to that of Mn 3+ , the Fe 3+ ion is particularly interesting among these elements. Partial replacement of Mn 3+ with Fe 3+ therefore results in no considerable lattice distortion. 12 It was found that the ferromagnetism of the manganites tended to weaken with increasing replacement level. Their transport properties are modied as well. [13] [14] [15] Moreover, the La 0.5 Ca 0.5 MnO 3 system with a ratio of Mn 3+ /Mn 4+ ¼ 1 exhibits thermal hysteresis in its electrical resistivity and magnetic properties. 1,2,12 Therefore, it is interesting to investigate the effects of partial replacement of Mn with Fe on the thermal hysteresis of the La 0.5 Ca 0.5 MnO 3 system. To the best of our knowledge, there is no systematic examination of the electrical resistivity, thermopower, and magnetic properties of a wide range of replacement levels of Fe in La 0.5 Ca 0.5 MnO 3 . In addition, there is no report regarding the thermopower and transport properties of La 0.5 Ca 0.5 -Mn 1Àx Fe x O 3 . In this paper, we present a systematic investigation of the electrical resistivity, thermopower, and magnetic properties of La 0.5 Ca 0.5 Mn 1Àx Fe x O 3 (x ¼ 0.010, 0.025, 0.050, 0.075, 0.100, 0.125, 0.150, 0.175 and 0.200). The electrical resistivity, thermopower, and magnetic measurements exhibit a strong thermal hysteresis for the undoped sample in a measurement cycle of cooling and warming. The width of hysteresis decreases with increasing Fe content up to x ¼ 0.025, which might be related to the disappearance of the charge density waves pinned by impurities. There is no transition observed for x > 0.075. For higher doping levels of Fe, all the samples obey the small polaron hopping mechanism. The ferromagnetic transition temperature is 168 K and 135 K for x ¼ 0.010 and x ¼ 0.025, respectively. There is no magnetic transition observed for x ¼ 0.100 and 0.200. Fig. 2 shows the temperature dependence of the electrical resistivity for La 0.5 Ca 0.5 Mn 1Àx Fe x O 3 with x ¼ 0.00, 0.010, and 0.025. The electrical resistivity measurements were rst carried out by cooling and then warming between 300 K and 80 K. For the undoped sample, the electrical resistivity slowly increases up to $149 K with decreasing temperature followed by a dramatic increase upon further cooling; the electrical resistivity decreases until reaching $200 K upon warming, then slowly decreases with increasing temperature. On increasing/ decreasing the temperature, the electrical resistivity changes by several orders of magnitude. It should be noted that the electrical resistivity does not follow the same path during the warming and cooling cycle, and it yields a strong thermal hysteresis, which arises from a rst-order phase transition. The electrical resistivity yields a strong hysteresis between 110 K and 210 K in the cooling and warming cycle. The rst-order phase transition can be attributed to an incommensurate-tocommensurate charge-ordering transition occurring at $149 K and $200 K upon cooling and warming, respectively.
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Electrical transport properties
22 Similar results were also observed previously. 1, 3 The electrical resistivity increases initially until reaching a certain temperature and then decreases with decreasing (increasing) temperature during the cooling (warming) cycle for x ¼ 0.010, 0.025 (Fig. 2 ). As The electrical resistivity continuously decreases with increasing temperature, and no transition is observed for x $ 0.050. It should be noted that there is no thermal hysteresis observed in the cooling and warming cycle, which could be attributed to the suppression of charge ordering states. This clearly shows that these samples exhibit nonmetallike behavior throughout the entire temperature range (80-300 K). This might be associated with the number of itinerant electrons being depleted with increasing Fe content and hence a weakening of the double exchange interactions. Now we turn to the conduction mechanism of La 0.5 Ca 0.5 -Mn 1Àx Fe x O 3 . The lattice of a manganite becomes distorted around the electrons in the conduction band at high temperatures and the formation of small polarons ensues due to the strong electron-phonon interactions. Thermally activated hopping of these polarons plays an important role above the magnetic transition. 25 For polaronic transport, the activation energy derived from the measurements of electrical resistivity and thermopower is distinguishable. The electrical conduction for carriers activated to polaronic states can be expressed as
where the activation energy E s ¼ (E g + E p )/2, E g is the energy gap for carriers being excited across, E p is the polaron binding energy, k B is the Boltzmann constant and T is the absolute temperature. We analyze the electrical resistivity versus the temperature data using eqn (1). The activation energy for the electrical conduction can be obtained by the slope of the curve tting of ln s versus T 
Thermal transport properties
Thermopower measurements are a very sensitive probe to the type and characteristic energy of carriers and are a complementary tool to the electrical resistivity measurements for transport property studies. Since thermopower is a measure of the heat per carrier over temperature, we can thus view it as a measure of the entropy per carrier. Carriers with different characteristic energies determine the temperature dependence of thermopower. Fig. 5 reported that a large thermopower hysteresis arises from the interaction between the inhomogeneous CDW superlattice and a quasi-periodic defect structure in the (NbSe 4 ) 10 I 3 system. On initial cooling of La 0.5 Ca 0.5 MnO 3 , the absolute value of the thermopower is nearly constant down to 225 K, then gradually decreases as the temperature decreases until 138 K, followed by a rapid increase on further cooling to 110 K. On warming, the absolute value of thermopower is nearly constant up to 90 K, then gradually increases until 126 K, followed by a moderate decrease on further heating to 201 K, and then slowly decreases until 225 K. For the x ¼ 0.010 sample, on cooling (warming) the absolute value of thermopower gradually increases (increases) until $177 K ($179 K), followed by a dramatic decrease (increase) on further cooling (warming) to $140 K ($142 K). (Fig. 6 ). It can be readily seen that in Fig. 7 that the upturn behavior shis to higher temperatures for x > 0.075.
To facilitate the understanding of the transport mechanism, we analyze the thermopower data for carriers activated to polaronic states using eqn (2),
where B is associated with the spin and the mixing entropy, 28 and the activation energy E s ¼ E g /2. The activation energies (E s ) derived from the thermopower data can be obtained by the slope of the curve tting of S versus T À1 . Typical plots of S versus T À1 for x ¼ 0.050 and 0.100 are shown in the insets of Fig. 6 and 7, respectively. The derived activation energies (E s ) are 3.5, 4.6, 3.0, 3.3 meV for x ¼ 0.050, 0.075, 0.100, and 0.125, respectively. It can be readily seen that the activation energy (E s ) derived from the thermopower data differs from that derived from the resistivity data, which indicates polaronic transport. La 0.5 Ca 0.5 MnO 3 is almost constant until reaching $180 K (T N ), and then gradually increases up to $212 K ($T C ), followed by a decrease with increasing temperature. The FC magnetization follows the same path from room temperature to 270 K, then gradually increases until 150 K (T N ), and then decreases down to 98 K, followed by a nearly constant value with decreasing temperature. Similar behavior was also reported previously.
1,3,32
For the x ¼ 0.010 and 0.025 samples, the ZFC magnetization is nearly constant until reaching a certain temperature, and then decreases rapidly with increasing temperature; aer that it merges with the FC magnetization curve. The value of the magnetic moment increases for x ¼ 0.010 and 0.025 as compared to La 0.5 Ca 0.5 MnO 3 . Similar results were obtained previously. 12, 33 The bifurcation in the ZFC-FC magnetization is observed at temperatures below T N for La 0.5 Ca 0.5 MnO 3 . The magnetization of ZFC is higher than that of FC at temperatures below T N , which is in contrast to its general behavior. In general, at temperatures below spin-glass-like transition, the FC magnetization is larger than that of ZFC. However, our experimental results are quite different from a spin-glass-like behavior. This might arise from the fact that the ferromagnetic ordering developed below T C is completely suppressed in the antiferromagnetic state. This indicates that there are two phases coexisting at temperatures below T N , namely, the ferromagnetic and antiferromagnetic clusters. Therefore, it is conceivable that the ferromagnetic domain shrinks in size during the FC measurements, the FC magnetization is consequently lower than that of ZFC. Similar results also were reported by Das et al. 34 A similar trend is observed for x ¼ 0.010. However, the FC magnetization is slightly larger than that of ZFC for x ¼ 0.025, which might be related to the coexistence of ferromagnetic and spin-glass-like states. Dhiman et al. 23 also reported a spin-glass-like behavior in La 0. 5 3 . They concluded that the saturation magnetization initially increases for x ¼ 0.04, then decreases for x ¼ 0.10 with increasing Fe content. Fig. 9 shows the inection points of the dM ZFC /dT versus temperature curves, which exhibit a minimum at $168 K for x ¼ 0.010 and $135 K for x ¼ 0.025, which correspond to the ferromagnetic transition.
Conclusions
We have investigated the temperature dependence of the electrical resistivity, thermopower, and magnetic properties of a series of La 0. 5 MY3. Ankam Bhaskar would like to express thanks to the visiting scientist fellowship sponsored by MOST of Taiwan.
